a small size, usually between 7 and 16 kDa, and the Substrates of this pathway are proteins with conpresence of conserved patterns of cysteine residues. served cysteine motifs, which are critical for import.
Cox17, and of other IMS proteins with cysteine motifs. Newly imported IMS proteins were found to form complexes with Mia40, suggesting that Mia40 might function as a receptor for these proteins. These interactions to Mia40 are transient and are detectable predominantly during the first minutes of the import reaction (Chacinska et al., 2004; Naoe et al., 2004) .The function of the cysteine residues in Mia40 is unclear, but Mia40 can bind copper and zinc ions, suggesting that some of its six cysteine residues might play a role in metal binding (Terziyska et al., 2005) . In addition, the cysteine residues of Mia40 may be involved in substrate binding, as the complexes of Mia40 and newly imported IMS proteins were reported to be sensitive to reducing agents (Chacinska et al., 2004) .
In the present study, we have identified Erv1 as a component essential for the biogenesis of Mia40-dependent substrate proteins. Erv1 is a conserved flavin-linked sulfhydryl oxidase present in the IMS of fungi, plants, and animals (Lee et al., 2000) . In Saccharomyces cerevisiae, the deletion of Erv1 is lethal, and erv1 mutants are associated with a variety of phenotypes, such as aberrant mitochondrial morphology and defects in the biogenesis of iron sulfur clusters (Becher et al., 1999; Lange et al., 2001; Lisowsky, 1992) . Physiological substrates of Erv1, however, were not identified so far, and the molecular basis of the defects in erv1 mutants was not understood. Here, we present evidence that the function of Erv1 is important to maintain cysteine residues in Mia40 in an oxidized state. These cysteine residues of Mia40 are critical for its interaction with newly imported substrate proteins via intermolecular disulfide bridges. We propose the existence of a di- A comparable complex was observed between Mia40 and newly imported Cox17, another IMS protein that contains a conserved cysteine signature ( Figure  1B ). Like Tim13, Cox17 interacted with Mia40 in an SDS-resistant but β-mercaptoethanol-sensitive manner. The Cox17-Mia40 complex was also visible upon immunoblotting of extracts of mitochondria that were preincubated with purified Cox17 protein ( Figure 1C ). From this, we conclude that newly imported Tim13 and Cox17 form covalent interactions with Mia40 via disulfide bridges ( Figure 1D ). The interaction with Mia40 appears to be specific for proteins with twin Cx 3 C and Cx 9 C motifs, as no interactions to newly imported cytochrome c heme lyase were observed (see Figure . This temperature-sensitive mutant (erv1-ts) grows without an apparent phenotype and GAL-Erv1 cells were grown in medium containing either galactose or glucose and plated onto agar at 25°C but is unable to grow at 37°C ( Figure 4D ). We isolated mitochondria from this strain and from wildplates. A filter disc was placed onto the cell lawns, on which 10 l of 3 M DTT was applied (Frand and Kaiser, type after exposure of the cells to 37°C and performed import experiments with Cox17 and Tim13. While both 1998), and the plates were incubated at 24°C ( Figure  3B ). On glucose-containing plates, the growth of the proteins could be efficiently imported into the mitochondria of both strains in the absence of DTT, the GAL-Erv1 cells was inhibited in a zone that was 7.3 mm wide. This zone was significantly larger than that meapresence of DTT strongly diminished import of both Cox17 and Tim13 into the erv1-ts mitochondria (Figures sured for wild-type cells (2.9 mm). In contrast, no significant difference between both strains was observed on 4E and 4F). From this, we conclude that Erv1 counteracts the negative effects of DTT on the import of both galactose-containing plates. The sensitivity of the yeast strains toward DTT was strongly increased when the proteins, suggesting that Erv1 catalyzes the formation of disulfide bonds in the IMS that are critical for procells were grown under anaerobic conditions, suggesting that oxygen partially mitigated the effect of the retein import. ducing agent ( Figure 3C ). In summary, we conclude that Erv1 exhibits a sulfhydryl oxidase activity in vivo that Depletion of Erv1 Diminishes the Import Rates of Cox17 and Tim13 can counteract the harmful effect of reducing agents on cell growth.
In the cell, redox equivalents are primarily provided by reduced glutathione, which is present in the yeast cytosol at concentrations of approximately 13 mM reduced Erv1 Counteracts the Inhibitory Effect of Reducing Agents on the Import of Cox17 and Tim13 glutathione (Ostergaard et al., 2004) . The channel-forming porins in the outer membrane presumably allow The increased sensitivity to DTT of the Erv1-depleted mutant may point to a deleterious effect of the reducing equilibration of the glutathione levels between the cytosol and the IMS. We therefore tested the influence of agent in the mitochondrial IMS, which in wild-type cells is counteracted by Erv1. Therefore, we tested the influglutathione on the import of Cox17 and Tim13 into isolated mitochondria. Reduced glutathione had an effect ence of DTT on the import of proteins into the IMS of was efficiently formed in wild-type mitochondria even in the presence of 15 mM glutathione ( Figure 5D, lanes  1 and 2) . In contrast, only low amounts of this complex were found after depletion of Erv1 ( Figure 5D, lane 4) . Thus, the function of Erv1 is critical for the efficient generation of the mixed disulfide of Mia40 with newly imported Cox17 in the IMS. Do the in vitro import assays really reflect the in vivo situation? A fraction of the cellular Cox17 protein was reported to be present in the cytosol in wild-type cells (Glerum et al., 1996 ). An import defect of Cox17 caused by Erv1 depletion can be expected to affect the intracellular distribution of Cox17. Therefore, we grew wildtype and GAL-Erv1 mutant cells on medium containing glucose and isolated mitochondrial and cytosolic fractions. Whereas the total intracellular Cox17 level was not affected by depletion of Erv1 (Figure 5E ), Cox17 was shifted from the mitochondrial fraction to the cytosolic fraction ( Figure 5F ). We conclude that Erv1 is required for the import of Cox17 into mitochondria in vivo. Next, we tested whether Cox17 does still form a comide to prevent their reoxidation during electrophoresis. After separation on nonreducing SDS gels, two forms plex with Mia40 when Erv1 is depleted. We imported recombinant Cox17 into mitochondria isolated from of Mia40 could be distinguished ( Figure 6D ), an oxidized form that migrated faster and, in the DTT-treated wild-type and Erv1-depleted cells and assessed the formation of the covalent Mia40-Cox17 complex by imsample, a reduced form of lower mobility. Also, Erv1 migrated as a double band on our gel system; however, munoblotting ( Figure 5D ). The Mia40-Cox17 complex Finally, the polypeptide is released upon further isomerAccording to our model, the proteins would initially be released in an oxidized state. This is in agreement ization of the disulfide bridge. Reduced Mia40 is reoxidized by Erv1, a process that is essential to promote with observations of small Tim proteins forming disulfide bridges following translocation into the IMS further rounds of import. In the absence of Erv1 activity, Mia40 accumulates in a reduced, i.e., inactive, confor- (Koehler, 2004b; Lu et al., 2004) . On the other hand, the cysteine residues of Tim proteins were also reported to mation. Our model implies that the import reaction is accompanied by a flow of electrons from imported probe present in a reduced, zinc bound conformation. This seeming contradiction might be due to a more complex teins to Mia40 and then from the reduced Mia40 to oxidized Erv1. Erv1 then transfers the electrons via its flaredox regulation of IMS proteins. Noteworthy, a potential candidate for a factor that reduces small Tim provin cofactor to an unknown electron acceptor, perhaps the electron transport chain of oxidative phosphorylateins in the IMS, named "Helper Of Tim" or Hot13, was recently identified (Curran et al., 2004 The existence of a disulfide relay system in the IMS state. Such a hypothetical reaction may depend on the is rather surprising in view of the reducing environment redox potential of such proteins. Studies with purified of the cytosol to which the IMS is connected via porin factors to analyze their individual redox potentials will channels. A rational explanation may come from the evohelp in the future to unravel the precise mechanism by lutionary origin of mitochondria from endosymbiotic which proteins are released from Mia40.
Erv1 Interacts with Mia40
prokaryotes. It is conceivable that during evolution the It should be pointed out that this model is in agreeprocess of thiol oxidation was conserved from the periment with the folding trap hypothesis, according to plasm of bacteria to the IMS of recent mitochondria. which proteins are finally locked in the IMS due to their 
